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A prominent feature of topological insulators (TIs) is the surface states comprising of spin-
nondegenerate massless Dirac fermions. Recent technical advances have made it possible to
address the surface transport properties of TI thin ﬁlms by tuning the Fermi levels of both top
and bottom surfaces. Here we report our discovery of a novel planar Hall effect (PHE)
from the TI surface, which results from a hitherto-unknown resistivity anisotropy induced by
an in-plane magnetic ﬁeld. This effect is observed in dual-gated devices of bulk-insulating
Bi2−xSbxTe3 thin ﬁlms, where the ﬁeld-induced anisotropy presents a strong dependence on
the gate voltage with a characteristic two-peak structure near the Dirac point. The origin of
PHE is the peculiar time-reversal-breaking effect of an in-plane magnetic ﬁeld, which
anisotropically lifts the protection of surface Dirac fermions from backscattering.
The observed PHE provides a useful tool to analyze and manipulate the topological protection
of the TI surface.
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The two-dimensional (2D) Dirac fermions on the surface oftopological insulators (TIs)1–3 are immune to localizationby a random scalar potential4 and are often said to be
topologically protected. Besides the bulk-edge correspondence of
a topological system to guarantee the gapless nature3, there are
two closely related reasons for this protection: First, the π Berry
phase associated with massless Dirac fermions protects them
from weak localization effect5. Second, the spin is perpendicularly
locked to the momentum, which suppresses the backscattering on
non-magnetic scatterers1–3. However, the topological protection
can be lifted in several situations. For example, when a sample is
too thin and the wavefunctions of the top and bottom surface
states overlap, the hybridization between the two opens up a gap
at the Dirac point6, leading to a loss of topological protection7.
Also, since time-reversal symmetry (TRS) is the prerequisite of
topological states in TIs1–3, breaking of TRS is another way to lift
the topological protection. Applying a magnetic ﬁeld perpendi-
cular to the TI surface introduces a mass term in the Dirac
Hamiltonian to open up a gap in the surface states. When the
ﬁeld is applied along the surface of a TI, TRS is also broken, but
such a parallel magnetic ﬁeld will not affect helical surface states
besides a shift of the Dirac dispersion in the momentum space;
hence, no gap will open in the Dirac dispersion for high-
symmetry orientations of the surface and the magnetic ﬁeld (see
Supplementary Note 1 for details).
Our experiment is designed to address the effect of the parallel
magnetic ﬁeld on the surface transport, when TRS is broken, but
the massless Dirac state is preserved. We found that the scattering
of Dirac fermions in this situation becomes anisotropic because
the spin-momentum locking causes a difference in the scattering
amplitudes for particles with the spin parallel and perpendicular
to the magnetic ﬁeld direction. This leads to a magnetic ﬁeld-
induced anisotropy in the resistivity measured along and per-
pendicular to the ﬁeld, which results in a novel planar Hall effect
(PHE). In other words, this intriguing effect is a manifestation of
the momentum-selective lifting of the topological protection due
to TRS breaking.
Results
Dual-gate device. To access the surface transport properties,
one needs to suppress the bulk contribution in the total
conductance. There are several ways to achieve this:8–12 The most
effective one is the compensation of donors and acceptors in the
TI material to bring the Fermi level into the bulk band gap.
Reducing the thickness of a sample can also be effective, due to a
reduced bulk/surface ratio. At present, thin-ﬁlm samples of TIs
grown by the molecular beam epitaxy (MBE) technique are
among the best for surface transport experiments13–16. For
example, Bi2−xSbxTe3 (BST) thin ﬁlms, in which the optimization
of the composition can give almost perfect compensation, were
used for studying the integer quantum Hall effect on the TI
surface17.
For the present experiments, BST ﬁlms with a bulk-insulating
composition (x≈ 1.7) were grown on sapphire by MBE. A typical
temperature dependence of the sheet resistance Rxx in a bulk-
insulating sample is shown in Fig. 1a. Below about 200 K, the
resistivity is dominated by metallic surface transport. The
magnitude of Rxx depends on the charge carrier density ns
on the top and bottom surfaces of the ﬁlm, which can be
controlled by electrostatic gating18. Our dual-gate device, shown
schematically in Fig. 1b, provides the ability to tune ns on both
surfaces. For example, as shown in Fig. 1c, Rxx can reach a high
value of ~8 kΩ by suitably tuning the top- and bottom-gate
voltages, VTG and VBG, respectively. The effect of this dual-gating
can be clearly seen in the color mapping shown in Fig. 1d,
where the maximum in Rxx(VTG, VBG), corresponding to the
dark-red region, signiﬁes the simultaneous crossing of the Dirac
points on both top and bottom surfaces. The Hall resistance Ryx
was measured in magnetic ﬁelds perpendicular to the ﬁlms, and
its gate–voltage dependencies are shown in Fig. 1e for B= 9 T;
here, one can see a sharp change between n- and p-type carriers
in a speciﬁc range of gate voltages. The zero-crossing of Ryx,
which can be easily recognized in the color mapping shown in
Fig. 1f as a white band separating red (p-type) and blue (n-type)
regions, can be used as an indicator of the Dirac-point crossing of
the Fermi level.
Planar Hall effect. Our main result, observation of the
PHE, is shown in Fig. 2. For these measurements, the magnetic
ﬁeld was applied parallel to the ﬁlm and was rotated within
the ﬁlm plane. The angle φ between the ﬁeld and the current
direction is deﬁned in the central inset of Fig. 2. The planar Hall
resistance Ryx, i.e., the transverse resistance measured across the
width of the sample perpendicular to the current (as shown in the
inset of Fig. 2a), shows a non-zero value for all ﬁeld directions
except for the parallel and perpendicular orientations. In fact,
it follows the ~ cosφ sinφ angular dependence as exempliﬁed
in Fig. 2a for VTG=VBG= 5 V and B= 9 T. Such a behavior
is normally not expected for non-magnetic materials. The 180°-
periodic angular dependence was also observed in the long-
itudinal resistance Rxx as shown in Fig. 2b; this kind of resistivity
oscillation is generally called anisotropic magnetoresistance
(AMR). The observed AMR follows the ~cos2φ angular depen-
dence. Phenomenologically, both PHE and AMR stem from an
anisotropy in the resistance tensor, and the observed φ depen-
dence is expected when the magnetic ﬁeld sets the anisotropy
axis, along which the resistance becomes larger (see Supple-
mentary Note 2 for details).
According to the resistance-tensor phenomenology,
the amplitudes of PHE and AMR should be the same and are
both written as Rk  R?, where Rk (R⊥) is the sheet resistance for
B k I (B⊥ I). Nevertheless, due to a possible misalignment of the
experimental plane of rotation with respect to the ﬁlm plane, the
observed AMR can be contaminated by the contribution from the
ordinary orbital magnetoresistance ΔR?, which comes from
a ﬁnite magnetic ﬁeld component B? perpendicular to the ﬁlm
(see Supplementary Note 3 for details). Although B?I is normally
very small, a large surface sheet resistance (up to several kΩ)
can cause the contribution from the orbital MR to become
comparable to the amplitude of the AMR (~ several tens of Ω).
To make matters worse, upon the magnetic ﬁeld rotation, B?
will change as ~cosϕ, which, combined with the ΔR?  B2
behavior expected for the orbital MR, causes the spurious signal
to present a ~cos2φ dependence; this is virtually indistinguishable
from the genuine AMR signal, and hence the amplitudes of
the AMR in actual experiments are not always reliable
(see Supplementary Note 4 for details). On the other hand, the
ordinary Hall contribution due to B? is antisymmetric with
respect to B and can be easily removed from the PHE signal by
taking the data in both positive and negative B. Therefore, PHE
gives the genuine amplitude of Rk  R?, and all quantitative
discussions in this paper are based on the measurements of PHE.
Figure 2c shows an example of the magnetic-ﬁeld dependence of
Rk  R?, which is super-linear up to 9 T and shows no sign of
saturation.
In ferromagnets, the phenomenon of AMR has been known
for a long time19; in fact, Lord Kelvin reported the AMR almost
200 years ago. The understanding of its origin was eventually
established through works of Mott (1936)20, Smit (1951)21,
Campbell, Fert, and Jaoul22, and extended by others. This effect is
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best understood in diluted magnetic alloys, where the coexistence
of s- and d-bands near the Fermi energy and a strong spin-orbit
coupling are the two main ingredients for the AMR. The rotation
of the magnetization by the magnetic ﬁeld changes the population
of unoccupied d-states with respect to the current direction,
leading to a change in the scattering rate between s- and d-bands.
Clearly, this mechanism is not applicable to a non-magnetic TI
investigated here (see Supplementary Note 5 for details). Trushin
et al.23 argued that the scattering from polarized magnetic
impurities contributes to AMR in Rashba systems with spin-split
Fermi surfaces, an effect which may have been observed in a 2D
electron system at the LaAlO3/SrTiO3 interface24. Note that at the
LaAlO3/SrTiO3 interface, even though it is nominally non-
magnetic, 3d Ti orbitals undergo crystal-ﬁeld-induced splitting
with some preferential ﬁlling to give rise to magnetism24, which is
required in the theory of Trusin et al.23.
Gate–voltage dependence of the PHE amplitude. To address the
origin of the PHE and AMR in TI ﬁlms, we took advantage of our
dual-gate capability to tune the density and the type of carriers
(and hence their helicity) on both surfaces, to see how these
parameters inﬂuence the observed anisotropy. It turns out that
for both n- and p-type states, the anisotropy is always positive,
i.e., Rk>R?. Moreover, when the Fermi level is moved through
the Dirac point and the surface conduction is changed from n- to
p-type, the PHE amplitude was found to present an unusual two-
peak structure with a local minimum at the Fermi-level position
close to the Dirac point. Figure 2d shows an example of the
PHE amplitude vs. gate voltage along the dual-gating path with
VTG=VBG, presenting two peaks and a minimum; this minimum
is located near the gate voltage, where the effective total carrier
density (deduced from the low-ﬁeld Hall coefﬁcient RH) becomes
zero, which roughly corresponds to the Dirac-point crossing
(see Supplementary Notes 6 and 7 for details). Measurements
along different dual-gating paths near the Dirac point indicated in
Fig. 2e found essentially the same behavior, apart from a slight
broadening and a shift along the VBG-axis related to the shift in
the transition from the n- to p-type region; this means that the
characteristic two-peak structure is always associated with the
Dirac-point crossing.
This result is in stark contrast to the result of the AMR
measurements in exfoliated ﬂakes of another compensated TI
material, BiSbTeSe225, where the AMR amplitude was observed to
change from positive to negative upon applying a gate voltage to a
160-nm-thick ﬂake from a bottom gate and measuring Rxx on the
top surface. In this regard, we were able to reproduce similar
behavior in our devices by intentionally setting a misalignment
angle of ~ 1° upon rotation. In our series of control experiments,
including simultaneous measurements of AMR and PHE and
adoptions of different mounting conﬁgurations (see Supplemen-
tary Note 4 for details), we found that the negative AMR in our
device is an artifact due to the orbital MR and is strongly
gate–voltage dependent (see Supplementary Figs. 3 and 4). This
conclusion is also supported by the temperature dependences of
AMR and PHE: their amplitudes merge at high temperature
where the orbital MR amplitude diminishes (see Supplementary
Fig. 6). We note that the bulk contribution could also play a role
in the negative AMR in a thick TI ﬂake, because the longitudinal
magnetoresistance can become negative in the bulk transport, as
recently reported for Bi2Se3 ﬁlms26.
Origin of the PHE. The occurrence and sign of the observed
PHE/AMR follows directly from the spin-momentum locking
of Dirac fermions on the TI surface and the associated topological
protection from backscattering in the absence of broken TRS,
which can be lifted by an in-plane magnetic ﬁeld. The back-
scattering is highly sensitive to the relative orientation of this ﬁeld
and the electron velocity, as is shown in the following theoretical
calculations.
When describing the PHE/AMR theoretically, one ﬁrst
notes that an in-plane and uniform magnetic ﬁeld has no
effect on the electrons if one models the surface based on the 2D
Dirac equation and potential scattering from disorder: orbital
effects are absent and the Zeeman coupling can be gauged away
by a simple shift of the Dirac point27,28. In reality, however, the
uniform magnetic ﬁeld in a disordered medium with spin-orbit
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interactions will generate magnetic ﬁelds at random positions
that can induce spin-ﬂip scattering. To describe this effect,
we consider a two-dimensional model where the Dirac
electrons hybridize with impurities located at random positions
Ri with the density nimp,
H ¼
X
k;α;β
hαβðkÞψ†αðkÞψβðkÞ þ
X
α;β
ϵ μð Þδαβ  B  σ
 
d†αdβ
þV
X
k;α;i
eikRiψ†αðkÞdα þ h:c:
ð1Þ
Here the ﬁrst term accounts for the motion of the surface Dirac
fermions: hvFðkxσy  kyσxÞαβ  μδαβ , where μ is the electroche-
mical potential controlled by the gate voltage. The second term
describes a localized impurity state with resonance energy ϵ,
which, in the third term, hybridizes with the continuum states
with hybridization strength V. The magnetic ﬁeld has already
been gauged away leaving the only remaining effect as the
Zeeman coupling to the impurity states. Here we use units where
gimpμB/2= 1, where gimp is the g factor of the impurity. While our
model is not expected to give a microscopic description of the
actual disorder in our experiment, it is a minimal model
capturing the ﬁeld-induced anisotropic scattering and the
interplay of magnetic (spin-ﬂip) and non-magnetic (non-spin-
ﬂip) scattering essential to explain the experiment.
To calculate the conductivity σ, we employ a self-consistent
T-matrix calculation29,30, valid in the limit of small nimp for
arbitrary values of V and ϵ (see Supplementary Note 8 for details).
While this approximation does not treat correctly all logarithmic
corrections, it is known30 to give accurate results in situations like
our experiment where weak localization or antilocalization effects
are not visible. To obtain conductivities within the T-matrix
approximation quantitatively, we have to include the correspond-
ing vertex corrections (see Supplementary Note 9 for details),
which enhance the conductivity away from the Dirac node by
approximately a factor of 2 (similar vertex corrections vanish for
local scattering in graphene)30. For the dimensionless ratio,
δðμÞ ¼ σ?ðμÞσkðμÞσkðμÞ , we ﬁnd, however, that vertex corrections have
only a minor effect.
The main result of our calculation is shown in Fig. 3b, where
δ(μ) is shown as a function of the chemical potential for various
values of ϵ. As in the experiment a clear two-peak structure
emerges. The asymmetry of the two peaks is controlled by ϵ
parametrizing the breaking of particle–hole symmetry by our
scatterers31–33. The peaks track precisely the minima in the local
density of states shown in Fig. 3a.
Whilst we include vertex corrections in our calculation, it is
instructive to consider a simpliﬁed version ignoring vertex
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corrections, considering only the contribution from the product
of retarded and advanced Green’s function30. For T = 0 and ﬁeld
B we obtain
σk=? ¼ 2e
2v2F
π
Z
d2k
ð2πÞ2
μ Σ11j j2 ± v2Fk2k  vFk?  Σ12j j2
 
μ Σ11ð Þ2  v2Fk2k þ vFk?  Σ12ð Þ2
  2
 σ0 1 c2
ImΣ12
ImΣ11
 2 !
;
ð2Þ
where Σ11 and Σ12 are the diagonal (non-spin-ﬂip) and off-
diagonal (spin-ﬂip) contributions to the self-energy at μ,
respectively; the prefactor c is numerically found to be 0.8–1.2,
depending on parameters. The second equality was derived by
using Σ12 	 Σ11 and adsorbing the real part of Σ12 by a shift of
ky. The expression of σ in Eq. (2) reproduces the expected
behavior: The conductivity parallel to the magnetic ﬁeld is
reduced, as backscattering in parallel direction is activated by the
ﬁeld23, as shown schematically in Fig. 3d–e. The effect is
quadratic in B for small B as ImΣ12, the spin-ﬂip scattering rate,
is linear in B for small B.
Discussion
According to Eq. (2), the peaks in the anisotropic resistivity arise
from peaks in ImΣ12. As shown in the Supplementary Note 8,
ImΣ12∝ Im[(Σ11)2]= 2ImΣ11ReΣ11. Using this result, we ﬁnd
that the origin of the peak can be traced back to peaks in ReΣ11.
Due to the Kramers–Krönig relation, these peaks occur when
|ImΣ11| quickly diminishes as μ moves away from the Dirac
point (see Fig. 3c inset); this diminishment occurs roughly at
μ  ±Γ0, where Γ0= −ImΣ11(μ= 0) is the non-spin-ﬂip
scattering rate at the Dirac point. Hence, the location of μ asso-
ciated with a peak gives a measure of Γ0. Estimating μ from the
Hall data assuming a Fermi velocity of 3.9 × 105 m/s34,35 (see
Fig. 2d inset), we obtain for our sample Γ0  50 meV, corre-
sponding to a mean free path vF/Γ0 of ~ 70 Å.
Furthermore, according to Eq. (2), the amplitude of the ani-
sotropy is set by the square of the ratio of spin-ﬂip and non-spin-
ﬂip scattering rates. Since our data show δ  1% at 9 T, one may
infer that about 10% of the scattering processes are spin-ﬂipping
at 9 T and the corresponding spin-ﬂip scattering rate and mean
free path are ~ 5 meV and ~ 700 Å, respectively. For a system
without magnetic impurities, this spin-ﬂip scattering rate is
remarkably high. As the magnetization of non-magnetic impu-
rities is governed by the ratio of Zeeman splitting and hybridi-
zation strength, the large g factor typical for Bi-based topological
insulators and the low-density of states of Dirac systems, which
strongly suppresses the hybridization, conspire to enhance mag-
netic scattering.
It is important to note that the two-peak structure in
the anisotropy and its relation to the microscopic parameters
are found to be robust even when we consider distributions of
V and ϵ. As an example, Fig. 3b compares the results for the
cases when ϵ is ﬁxed or has a Gaussian distribution (the result
is similar for a Gaussian distribution of V as shown in Supple-
mentary Note 9). Note, however, that microscopic details
will strongly affect the asymmetry of the peaks. The experimental
data for the PHE amplitude (Fig. 2d) is best compared to Fig. 3c.
The proposed theoretical model gives a clear physical picture
for the origin of the MR anisotropy in the TI surface; namely, the
spin-momentum locking protects the surface Dirac fermions
from backscattering in zero ﬁeld, but the in-plane magnetic ﬁeld
breaks TRS and spin-polarizes randomly distributed impurities,
drastically changing this topological protection. For spins per-
pendicular to the ﬁeld, the protection is lifted and backscattering
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is allowed due to TRS breaking as schematically shown in Fig. 3d.
In contrast, for spins parallel or anti-parallel to the ﬁeld [shown
in Fig. 3e], backscattering is still forbidden. This anisotropy in the
scattering rate directly results in the AMR and PHE: For the ﬁeld
direction parallel to the current (and hence perpendicular to the
spin orientation), the allowed backscattering results in the
increased resistance R||, while for the ﬁeld direction perpendicular
to the current, the resistance R⊥ will be much less affected. This is
the reason for a positive anisotropy amplitude (i.e. R||−R⊥ ≥ 0).
We further show that, from the two-peak structure of the ani-
sotropy, one can infer the effective scattering rates for both spin-
ﬂip and non-spin-ﬂip scatterings. Therefore, the PHE discovered
here represents a novel signature of TRS breaking in TIs and
provides microscopic information on the topological surface
transport.
Methods
MBE growth of high-quality BST ﬁlms. Bi2−xSbxTe3 ﬁlms with the thickness in
the range of 11–17 nm were grown on sapphire (0001) substrates by co-
evaporation of high-purity Bi, Sb, and Te from Knudsen cells in the ultra-high
vacuum MBE chamber. The ﬂux ratio of Bi and Sb was optimized for obtaining
most bulk-insulating ﬁlms and was kept at 1:5.5. The Te ﬂux exceeded the
aggregated ﬂux of Bi and Sb by at least 10 times. The deposition was done in three
temperature steps: at 230 °C for 5 min, at 280 °C for 5 min, and ﬁnally at 325 °C for
a time period which is sufﬁcient to grow a ﬁlm with a desirable thickness. The
thickness and morphology of the grown ﬁlms were measured ex situ by AFM.
Device microfabrication. To make a dual-gate device, the grown ﬁlms need to be
transferred from the sapphire substrate to a Si/SiO2 wafer, which serves as a back-
gate electrode and dielectric (SiO2 is 150-nm thick). The separation of a BST ﬁlm
from the substrate was done by ﬁrst spin-coating the ﬁlm with PPMA and then
dipping into 5% KOH aqueous solution to initiate the detachment. The full
detachment was done by slowly dipping the ﬁlm into distilled water. The detached
BST/PMMA bilayer was ﬁshed out on the Si/SiO2 wafer, dried at room tempera-
ture, treated with acetone to remove PMMA, and annealed at 120 °C for several
hours under vacuum conditions to remove residual water. To pattern the BST ﬁlm
into a Hall bar, we employed photolithography. Exposed parts of the ﬁlm were
etched out in HCl/H2O2/CH3COOH aqueous solution. As the top-gate dielectric,
200-nm-thick SiNx layer was deposited by using hot-wire CVD at temperatures
below 80 °C. The top-gate electrode and metal contact pads were made by Ti/Au
deposition.
Magneto-resistivity measurements. Both AC and DC techniques were employed
for resistivity and Hall-effect measurements. The top- and bottom-gate voltages
were controlled by two independent Keithley 2450 source meters. A single-axis
rotation probe with a capability of mounting the sample horizontally or vertically
was used for both out-of-plane and in-plane rotations in magnetic ﬁelds. Special
care has been taken to isolate the genuine in-plane magnetic-ﬁeld effects from
spurious contributions due to a possible misalignment of the sample (see Supple-
mentary Notes 3 and 4 for details).
Theoretical calculations. A self-consistent T-matrix approach was employed to
calculate the self-energy of the Dirac electrons. The Kubo formula was used to
calculate the conductivity within this approximation, including the appropriate
vertex corrections (see Supplementary Notes 8 and 9 for details).
Data availability. The data that support the ﬁndings of this study are available
from the corresponding author upon request.
Received: 23 June 2017 Accepted: 20 September 2017
References
1. Hasan, M. Z. & Kane, C. L. Colloquium: Topological insulators. Rev. Mod. Phys.
82, 3045–3067 (2010).
2. Qi, X.-L. & Zhang, S.-C. Topological insulators and superconductors. Rev. Mod.
Phys. 83, 1057–1110 (2011).
3. Ando, Y. Topological insulator materials. J. Phys. Soc. Jpn 82, 102001
(2013).
4. Nomura, K., Koshino, M. & Ryu, S. Topological delocalization of two-
dimensional massless Dirac fermions. Phys. Rev. Lett. 99, 146806 (2007).
5. Ando, T., Nakanishi, T. & Saito, R. Berry’s phase and absence of back scattering
in carbon nanotubes. J. Phys. Soc. Jpn 67, 2857–2862 (1998).
6. Zhang, Y. et al. Crossover of the three-dimensional topological insulator Bi2Se3
to the two-dimensional limit. Nat. Phys. 6, 584–588 (2010).
7. Taskin, A. A., Sasaki, S., Segawa, K. & Ando, Y. Manifestation of topological
protection in transport properties of epitaxial Bi2Se3 thin ﬁlms. Phys. Rev. Lett.
109, 066803 (2012).
8. Ren, Z., Taskin, A. A., Sasaki, S., Segawa, K. & Ando, Y. Large bulk resistivity
and surface quantum oscillations in the topological insulator Bi2Te2Se. Phys.
Rev. B 82, 241306 (2010).
9. Jia, S. et al. Low-carrier-concentration crystals of the topological insulator
Bi2Te2Se. Phys. Rev. B 84, 235206 (2011).
10. Kim, D. et al. Surface conduction of topological Dirac electrons in bulk
insulating Bi2Se3. Nat. Phys. 8, 459–463 (2012).
11. Ren, Z., Taskin, A. A., Sasaki, S., Segawa, K. & Ando, Y. Optimizing
Bi2-xSbxTe3-ySey solid solutions to approach the intrinsic topological insulator
regime. Phys. Rev. B 84, 165311 (2011).
12. Xu, Y., Miotkowski, I. & Chen, Y. P. Quantum transport of two-species Dirac
fermions in dual-gated three dimensional topological insulator. Nat. Commun.
7, 11434 (2016).
13. Chang, C.-Z. et al. Experimental observation of the quantum anomalous
Hall effect in a magnetic topological insulator. Science 340, 167–170
(2013).
14. Koirala, N. et al. Record surface state mobility and quantum Hall effect in
topological insulator thin ﬁlms via interface engineering. Nano Lett. 15,
8245–8249 (2015).
15. Kandala, A., Richardella, A., Kempinger, S., Liu, C.-X. & Samarth, N. Giant
anisotropic magnetoresistance in a quantum anomalous Hall insulator. Nat.
Commun. 6, 7434 (2015).
16. Kondou, K. et al. Fermi-level-dependent charge-to-spin current conversion
by Dirac surface states of topological insulators. Nat. Phys. 12, 1027–1031
(2016).
17. Yoshimi, R. et al. Quantum Hall effect on top and bottom surface
states of topological insulator (Bi1−xSbx)2Te3 ﬁlms. Nat. Commun. 6, 6627
(2015).
18. Yang, F. et al. Dual-gated topological insulator thin-ﬁlm device for efﬁcient
fermi-level tuning. ACS Nano 9, 4050–4055 (2015).
19. McGuire, T. R. & Potter, R. I. Anisotropic magnetoresistance in ferromagnetic
3d alloys. IEEE Trans. Magn. 11, 1018–1038 (1975).
20. Mott, N. F. The electrical conductivity of transitionmetals. Proc. Roy. Soc. A153,
699–717 (1936).
21. Smit, J. Magnetoresistance of ferromagnetic metals and alloys at low
temperatures. Physica 21, 612–627 (1951).
22. Campbell, I. A., Fert, A. & Jaoul, O. The spontaneous resistivity anisotropy in
Ni-based alloys. Physica C3, S95–S101 (1970).
23. Trushin, M. et al. Anisotropic magnetoresistance of spin-orbit coupled
carriers scattered from polarized magnetic impurities. Phys. Rev. B 80, 134405
(2009).
24. Annadi, A. et al. Fourfold oscillation in anisotropic magnetoresistance and
planar Hall effect at the LaAlO3/SrTiO3 heterointerfaces: Effect of carrier
conﬁnement and electric ﬁeld on magnetic interactions. Phys. Rev. B 87, 201102
(R) (2013).
25. Sulaev, A. et al. Electrically tunable in-plane anisotropic magnetoresistance
in topological insulator BiSbTeSe2 nanodevices. Nano Lett. 15, 2061–2066
(2015).
26. Wiedmann, S. et al. Anisotropic and strong negative magnetoresistance in the
three-dimensional topological insulator Bi2Se3. Phys. Rev. B 94, 081302(R)
(2016).
27. Zyuzin, A. A., Hook, M. D. & Burkov, A. A. Parallel magnetic ﬁeld driven
quantum phase transition in a thin topological insulator ﬁlm. Phys. Rev. B 83,
2454281 (2011).
28. Pershoguba, S. S. & Yakovenko, V. M. Spin-polarized tunneling current
through a thin ﬁlm of a topological insulator in a parallel magnetic ﬁeld. Phys.
Rev. B 86, 165404 (2012).
29. Mahan, G. D. Many-Particle Physics 3rd edn. (Springer, New York, 2000).
30. Ostrovsky, P. M., Gornyi, I. V. & Mirlin, A. D. Electron transport in disordered
graphene. Phys. Rev. B 74, 235443 (2006).
31. Wehling, T. O. et al. Local electronic signatures of impurity states in graphene.
Phys. Rev. B 75, 125425 (2007).
32. Löfwander, T. & Fogelström, M. Impurity scattering and Motts formula in
graphene. Phys. Rev. B 76, 193401 (2007).
33. Peres, N. M. R., Guinea, F. & Castro Neto, A. H. Electronic properties of
disordered two-dimensional carbon. Phys. Rev. B 73, 125411 (2006).
34. Zhang, J. et al. Band structure engineering in (Bi1-xSbx)2Te3 ternary topological
insulators. Nat. Commun. 2, 574 (2011).
35. He, X., Li, H. & Wu, K. Substitution-induced spin-splitted surface states in
topological insulator (Bi1-xSbx)2Te3. Sci. Rep. 5, 8830 (2015).
ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-01474-8
6 NATURE COMMUNICATIONS |8:  1340 |DOI: 10.1038/s41467-017-01474-8 |www.nature.com/naturecommunications
Acknowledgements
This work was supported by DFG (CRC1238 ‘Control and Dynamics of Quantum
Materials’, Projects A04, B01, and C02).
Author contributions
A.A.T. and Y.A.: Conceived the project. A.A.T. and S.S.: Grew the topological insulator
thin ﬁlms. F.Y., Y.K., and K.M.: Made the devices. A.A.T.: Performed the measurements
and analyzed the data. H.F.L.: Performed the theoretical calculations, H.F.L. and A.R.:
Developed the interpretation. A.A.T., H.F.L., A.R., and Y.A.: Wrote the manuscript with
inputs from all authors.
Additional information
Supplementary Information accompanies this paper at doi:10.1038/s41467-017-01474-8.
Competing interests: The authors declare no competing ﬁnancial interests.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.
Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2017
NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-01474-8 ARTICLE
NATURE COMMUNICATIONS |8:  1340 |DOI: 10.1038/s41467-017-01474-8 |www.nature.com/naturecommunications 7
